High-resolution computed tomography was used to directly determine the short-term effects of intravascular volume expansion on airway caliber. The change in airway crosssectional area caused by intravascular volume expansion (30 mVkg, Ringer's lactate) was studied in six anesthetized mini-pigs within 5 min. Twenty-five of 27 large airways (diameter, 2.01 to 5.0 mm) demonstrated decreased internal cross-sectional area (10.56f 1.26 vs 8.66f 1.03 mmx, p<0.001). Twenty of 24 small airways (diameter, 0.75 to 2.0 mm) showed decreased internal cross-sectional area (1.82 k0.16 vs 1.44 f0.16 mm2, p<0.001). These changes P aroxysmal wheezing, frequently occurring at night, requiring the patient to sit bolt upright with air hunger, forms a characteristic clinical picture known since the 19th century as "cardiac asthma."l The term, now generally reserved for cough and wheeze associated with dyspnea in patients with primary cardiac disease, reflects the recognition of increased airway resistance in heart f a i l~r e .~
The clinical features of rapid reversibility with the assumption of an upright posture, diuresis, and sedation, as well as the response to aerosolized bronchodilators, must be taken into account when considering a potential m e~h a n i s m . l -~ Mechanisms proposed to account for the effect of impaired left ventricular function on airway function include changes in pulmonary blood volume, pulmonary and bronchial vascular pressures, pulmonary edema, airway mucosal edema, and airway hyperreactivityid Serial physiologic measurements have demonstrated increased lung resistance following intravascular volume loading, increased left atrial pressure, and heart failure, but have not demonstrated the site of increased lung resi~tance.~,'-~ The use of direct, in uiuo imaging of airway changes that occur with intravascular volume loading may provide information relevant to the anatomic basis of the airway response in heart failure.
The advent of high-resolution computed tomographic (HRCT) techniques has allowed the resolution of small (approaching 200 pm) morphologic structures within the pulmonary parenchyma.l0.l' High-resolution computed tomographic techniques have demon- 
METHODS
Six 15-to 20-kg, male mini-pigs were studied in acu*>rdance with both institutional and National Institutes of Health animal welfare guidelines. The animals were anesthetized with pentobarbital (3 to 5 mgkg intramuscularly, 4 mg/kgh intravenously) and ketamine (8 to 10 m&g intramuscularly, 4 mpjkgh intravenously) by cwnstant infusion. A tracheostomy was performed and the animals were paralyzed with pancuronium. Mechanical ventilation (tiarvard animal ventilator) at a tidal volume of 15 mflg, a frequency of 10 breathdmin, and a positive end-expiratory pressure of 5 cm t1,O was maintained. Proximal airway pressure was measured as an estimate of dynamic compliance. The femoral artery was cannulated and cuntinuous arterial pressure (Pa) was recorded (Gould 2400s strip chart recorder). In order to determine pulmonary artery pressure (Ppa), pulmonary artery ncclusioll pressure (Ppao), and right atrial pressure (Pra), a 5 F pulmonary artery catheter was inserted, and its position was verified by pressure tracing and blcxd gas analysis. Thermodilution cardiac output measurements were performed in triplicate and meaned (Edwards Thermtdilution Cardiac Output Computer, model 9520A). Arterial blood specimens were analyzed in each cundition for pH, Pco,, and Po, (Radiometer ABL MK 111). Following instrumentation, the animals were maintained, anesthetized, paralyzed, and ventilated, and placed supine in the CT scanner.
The experimend prottml c~~nsisted of three conditions. Baseline hemtdynamic data were obtained and lung scans were performed following 45 min of stabilization after instrumentation. Immediately following t h e baseline scans, 30 mllkg of lactated Ringer's solution was intravenously infused over 3 to 5 min. IIemtdynamic measurements and arterial blond gases were obtained and the CT scans were repeated. Immediately following these scans, 30 mVkg ofbltxd volume was rapidly removed (4 to 6 min). The hemtdynamic measurements were repeated and CT scans were performed. The HRCT scans were performed using a whole hody CT scanner (Siemens Somatom Plus, Siemens, Iselin, NJ). The following technical parameters were used thn~ughout: 125 kVp; 230 mAs; with the pixel matrix size being 512 x 512. One-serx~nd scan times were lisc.d. For each condition, ten cx)ntiguous slices were obtained t11rt)ugh the lower lohes of the lungs at the level of the heart base l~sing I-nim table feed and 2-mm slice thicknesses. The CT images were recwnstructed applying a high spatial frequency (high resolution) algorithm that enhances edge detection and promotes high spatial resolution. The HRCT scans were photographed at a window Ie\.el of -450 Hounsfield units and window widths of 1,300 to 1,350
HRCT Itnuging
Ilo~~nsfield units.
Airway caliber changes during the different conditions were analyzed only when it was certain that identical HRCT sections of the lung were mmpared. Accurate registration was achieved by defining parenchymal landmarks such as vascular or bronchial branching points on the HRCT images, which were visible on all cr~mparahle scans. Matching HRCT images in each mndition were selected for digitization and analysis. For analysis of airway changes, the selected CT images were digitized and analyzed on a standalone image analysis system (Lcmts Associates, Westminster, Md).
The CT hard-copy films were digitized with a video camera (Dage hlTI, In., Series 68) interfaced to the screen of a personal computer (Compaq W 2 0 e , model 2571). The software mrrld mrrect for light In~x illumination nonunifnrmities; the digitized images were in a 2% x 256 x 8-bit matrix. Each airway area was measured on one slice ahnve and below the ideal slice to mrrect for slight displacement in registration, and the three measurements were averaged.
Internal airway (luminal) cross-sectional area (CSA) was measured using a semi-u~tomated edge detection program.'' The operator defined a seedpoint at the outer limit of the airway lumen, from which an iscmntonr was automatically drawn. The number of pixels enclosed by this iswontour defined the internal CSA. By reference to a calibration line on the same film (digitized simultaneously), the
N = 6
Control Volume-Loaded number of pixels was converted into CSA in square millimeters. Validation of this technique by HRCT determination of airway diameters in a Plexiglas airway mcdel with known dimensions demonstrated a correlation cuefficient of 1.00 between HRCTdetermined diameter and actual diameter." Where possible, an identical prcmdure (using the outer circumference of the airway to define the isomntour) was used to determine the external (total) CSA of the same airways. These were cwmpared with the internal CSAs to determine hrnnchial wall CSA. In addition, total lung section pixel nmnt was determined as a measure of lung volume. For statistical analysis ( p r e d t tests and analysis of variance, Crunch Sofhware Corporation, Oakland, Calif), the airways were divided into two groups on the basis of diameter calculated from CSA. The large airways had an internal diameter of 2.01 to 5.00 mm, and the small airways had a diameter of 0.75 to 2.0 m~n . '~ Physiologic data were compared by paired t test. All data are presented as mean 2 SEM.
RESULTS

Animals responded to volume loading with an
increase in Pra, cardiac output (CO), mean Ppa, and Ppao (Table 1) . Arterial blood gases (Table 1) showed FILLHE 1. HRCT scans hefore (a, lefi) and after (b, right) volume It~ding. The heart (H) is anterior and the spine (S) is posterior. The pulmonary artery (P) has an artifact due to the pulmonary artery catheter. A large airway ( a m h e a d ) and two small aimrays ( a r m s ) are highlighted. Airway lumens are decreased with volume. Data from 51 airways from six animals (8.5 + 0.9; range, 4 to 11 airways per animal) were analyzed. The mean internal CSA is shown in Table 2 for both large and small airways, before and after volume loading. Acute volume loading caused a decrease in the internal airway CSA in 25 of 27 large, and 20 of 24 small airways. Large airway CSA decreased by 16 2 2 percent and small airway CSA decreased by 2 1 2 8 percent.
To determine if these changes were reversible, 30 mVkg blood volume was removed. Removal of blood volume resulted in death in one animal and profound hypotension in another. Because the physiologic status was not similar to that of control animals, these airways were not analyzed in the postvolume state. The comparable physiologic parameters in the four re- m i n i n g animals are shown in Table 3 . The removal of blood volume led to an increase in internal airway CSA in every case. The large airways in the volumeremoved state were not diBerent from those in the control state. The small airways in the volume-removed state were larger than in the control state ( Table   4) .
Reliable external measurements (unaccompanied airways, well-defined external circumference, and reproducible measurements) were possible in 38 bronchi. External (total) airway CSAs were analyzed to determine whether they also changed with volume loading. External airway CSA increased in 24 of 38 airways; however, mean external airway CSA did not Wall thickness (external CSA minus internal CSA) tended to increase with volume loading (pre 10.7 + 1.4 vs post 11.5+ 1.9 mm2, p=0.07).
In conditions of laminar flow, Poiseuille's relationship can be used to estimate the change in airway resistance. If airway length, flow characteristics, and air viscosity are assumed constant, the potential mean percent increase in resistance represented by these findings in large airways (>2 mm diameter) was 53 2 9 percent, and in small airways (<2 mm diameter) it was 184 -+ 55 percent.
High-resolution computed tomographic techniques allow direct imaging of the anatomic correlates of the complex physiologic responses which, in the past, have been inferred from indirect serial measurements of airway ~a l i b e r .~~. l~.~4
The large density difference between air and solid structures makes resolution of airway changes possible. HRCT demonstrated, by directly imaging, the acute decrease in internal CSA with intravascular volume loading and its acute reversal by intravascular volume reduction. These changes occurred at pulmonary artery occlusion pressures less than 12 mm Hg (range, 7 to 12 mm Hg) at all times. In addition, inspection of the films demonstrated that CHEST I 103 I 3 I MARCH, 1993 this phenomenon did not appear to be due to airway compression by vessels, but rather to a circumferential decrease in internal CSA.
This study was performed in animals anesthetized by constant intravenous anesthetic infusion. Both ketamine and pentobarbital may alter airway tone.I5 Theoretically, volume-induced reflex bronchoconstrict i~n~,~ could have been inhibited by the anesthetic agents used in this model. The complete reversibility of the decreased luminal CSA with volume removal makes anesthetic-induced changes in airway caliber an unlikely explanation for these data.
There are two major technical concerns regarding serial measurements by HRCT: (1) registration and (2) changes in lung volume. Registration (ensuring comparison of images in the same plane) was controlled by fixation of the animal in the scanner, minimizing interventions, and performing studies during apnea under paralyzed, anesthetized conditions. Scans were compared by anatomic landmarks (airway and vessel branching points, bony markings, vesselairway relationships). Airways were compared only when registration was ensured. The second concern, changes in lung volume, was addressed by anesthetizing, paralyzing, and ventilating the animals while performing the scans during apnea, with a constant distending airway pressure. Lung volume and resistance measurements were not done since they were impractical in the confines of the scanner and may have altered registration. Because lung dynamic compliance did not change (constant peak inspiratory pressure [PIP] for a constant tidal volume) and all scans were performed at the same constant airway pressure, lung volumes were likely to be approximately the same for all conditions. In addition, comparison of total lung area on matched scans demonstrated no change, consistent with constant lung volumes. Thus, changes in lung volume were unlikely to account for the decreased airway CSA with volume loading.
Several possibilities exist to explain narrowing with intravascular volume loading. First, on a mechanical basis, either interstitial edema or distention of pulmonary vessels located within the bronchovascular sheath could alter airway caliber by direct compression. 16 Second, vascular engorgement andfor airway edema within the airways (wall or mucosa) could also narrow the airway l~m e n .~,~,~~ The third possibility is that intravascular volume loading could reflexly alter bronchomotor t~n e .~,~"~~ Hogg et all6 suggested a role for airway compression on the basis of interstitial edema when left atrial pressures were greater than 15 cm H20. In this current study, this is unlikely due to the relatively small amount of volume loadingB and the fact that the Ppao was never greater than 12 mm Hg. In addition, the short interval between intravascular volume expansion and the lung scans, the absence of signs of interstitial edema such as interlobar septa1 lines, and the acute reversibility of this phenomenonL6 do not support interstitial edema as the likely cause of airway narrowing in this study.
Hogg and others have demonstrated that there is a gradual increase in airway resistance at left atrial pressures below 15 cm H20, before interstitial pulmonary edema occurred, consistent with the results of this and other s t~d i e s .~. '~,~.~~ This increased airway resistance was reversible when the congestion was r e l i e~e d .~ Hogg et all6 suggested that this increased airway resistance at left atrial pressures below 15 mm Hg was due to "competition for space between arteries and small airways in the bronchovascular sheath." There has been no direct confirmation of this mechan i~m .~ Lai-Fook and KallokZ5 suggested, however, that, although the airway shape may change in response to changes in vascular (pulmonary arterial) pressure, this would not significantly increase airway resistance under conditions of laminar flow. Although the HRCT data demonstrated airway narrowing with volume loading, they did not demonstrate extrabronchiolar compression of the airways by the vessels, but rather a distinct circumferential decrease in internal CSA, which was not accompanied by decreased external airway CSA. Thus, in this study, the HRCT findings are not consistent with compression either by interstitial edema or directly by pulmonary vessels, as the cause of airway narrowing.
Wall thickness tended to increase (p = 0.07), but failed to achieve statistical significance, probably because of the large range of airway sizes (CSA, 2 mm2 to 35 mm2) included in the analysis, insufficient number, and large standard deviations. Nevertheless, decreased internal CSA without decreased external CSA suggests a process other than compression. Remaining explanations include (1) increased bronchomotor tone or a combination of airway constriction with peribronchiolar fluid, and (2) mucosal vascular engorgement or bronchial edema. HRCT imaging relies on the density difference between water and air. Because tissue elements are represented by highdensity (water-containing) areas, dserentiating intravascular fluid, edema, muscle, or other tissue is not possible. Thus, HRCT data, taken in isolation, cannot dserentiate between these alternatives.
Congestive heart failure has been associated with bronchial hyperresponsiveness, possibly reflexly mediated,1-5.1"21 although some disagree.26 Active airway smooth muscle contraction would decrease internal airway area.27 In this present study, because the external airway CSA did not change, any increase in bronchomotor tone would have had to occur by a complex transformational change that did not alter external airway CSA. In addition, this alteration in airway tone would have had to occur in a fashion that lntravascolar Volume Loading (Hgtzel et al) did not alter the relationship between external airway circumference and airway distending pressure. Both of these seem unlikely. In postmortem studies, James et a128. 29 and Moreno et aln demonstrated that in airways of this size, muscle contraction decreased both internal and external airway CSA. Thus, increased airway tone is not likely to be the sole explanation for these HRCT data. Because, radiographically, fluid and tissue cannot be differentiated, the HRCT finding of increased wall thickness with unchanged external airway CSA could theoretically arise from a combination of airway constriction and edema, ie, airway constriction could have decreased peribronchiolar interstitial pressure favoring peribronchiolar edema formation in response to volume loading.
The HRCT data can be compared with the report of Rolla et a130 who demonstrated that saline solution infusion in man caused an increased response to methacholine. Their results could have occurred solely as the result of the changes demonstrated by HRCT, without necessarily causing a change in bronchial muscle tone. Increased wall thickness and luminal narrowing, without changes in airway muscle tone, have been reported to have the apparent effect of increasing airway responsiveness on a purely mechanical basis, ie, the smaller the lumen, the greater the apparent response.n32 This "vasomotor hyp~thesis,"~ to explain the apparently increased bronchial responsiveness in heart failure, has been supported by Cabanes et all8 and others.".=
The HRCT data in this study are consistent with increased wall thickness rather than external vascular compression or isolated constriction. The bronchial wall and submucosa contain an extensive vascular plexus with anastomotic links between the bronchial and pulmonary circulations that may play a major role in determining airway r e s i s t a n~e .~.~~-~~ Increased vascular volume could lead to engorgement of this vascular plexus. Csete et all7 reported that nitroglycerin-induced dilation of this vascular plexus caused increased airway resistance. Consistent with this, aerosolized vasoconstrictors such as epinephrine and methoxamine have been shown to decrease airway resistance in cardiac f a i l~r e .~.~~ The HRCT demonstration of low-pressure, volume-induced internal airway narrowing with constant external CSA supports the occurrence of acute engorgement of this vascular plexus. Increased intravascular pulmonary or bronchial volume, such as occurs with volume loading, airway obstruction, positional change, or ventricular dysfunction, could, in part, account for the acute onset and offset of cardiac asthma.
Regardless of the underlying mechanism, this study suggests a clinically relevant cardiorespiratory interaction, which may explain the paroxysmal nature of cardiac asthma. An increase in pulmonary blood volume, which may occur with a change in body position during sleep, would increase airway resistance in patients with impaired cardiac function. This increase in airway resistance would result in greater negative intrathoracic pressures, and in turn, increase left ventricular afterload, through previously described mechanism^.^^ This increase in cardiac afterload would further impair myocardial function initiating a vicious cycle of decreased myocardial function, increased left atrial transmural pressure, increased pulmonary blood volume, and further airway narrowing, all of which would be further accentuated by decreased left ventricular compliance and an increased central blood volume. This pathophysiologic scenario could account for the rapid onset of severe respiratory embarrassment in cardiac asthma. Oxygen, diuresis, and assumption of an upright posture and the resultant increased airway caliber, by reversing the airway consequences of vascular volume loading, would rapidly decrease airway resistance, and in turn decrease myocardial afterload.
In summary, this study demonstrated the ability of HRCT to image not only static pulmonary morphology but also to noninvasively demonstrate the acute anatomic responses that underlie physiologic changes in vivo. In this experimental animal model, intravascular volume loading caused acute, reversible, circumferential luminal narrowing in airways between 0.75 and 5.0 mm in diameter. The absence of evidence for interstitial edema, external airway compression or bronchoconstriction, and the low left atrial pressure indicate a role for acute engorgement of the bronchial mucosa as a mechanism responsible for the paroxysmal nature of cardiac asthma. 
